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Abstract 
The central and southern Appalachian Piedmont contains terranes with both Laurentian 
and Gondwanan affinities that were amalgamated during a series of Paleozoic orogenies. In the 
southwestern Virginia Piedmont, the Smith River Allochthon (SRA) is interpreted as a peri-
Gondwanan or distal Laurentian regional scale thrust sheet of metaclastic and meta-igneous rocks. 
The SRA was first identified in southern Virginia, and regional-scale maps extend the SRA 
northeast into the central Virginia Piedmont along the boundary between the Blue Ridge (BR) and 
western Piedmont (WP). In southern Virginia, the Bowens Creek fault separates the BR from the 
WP, and regional maps project this fault into central Virginia as a ~1 km wide mylonite zone. This 
study investigates these terranes at the presumed ‘terrane triple point’ in central Virginia. 
The eastern BR cover sequence includes Neoproterozoic Lynchburg Group, Ediacaran 
Catoctin Formation, and a wide belt of the Ediacaran-Early Cambrian Evington Group. Evington 
Group lithologies crop out in a repeated set of NE-SW striking belts. A monotonous sequence of 
low-grade quartzose phyllite and metagraywacke characterizes the WP, while higher grade mica 
schists and amphibolites of the Spears Mountain terrane (SMT) occur in the southeastern part of 
the study area. A small inlier (<2 km2) of Grenvillian basement is in tectonic contact with the SMT. 
The basement inlier requires a previously unrecognized thrust fault at the Blue Ridge-Piedmont 
boundary in central Virginia. Structural evidence is incompatible with a rootless SRA in central 
Virginia. The BR-WP boundary forms a 3-5 km wide, NE-trending transition zone that separates 
NW-SE contractional structures of Neoacadian age in the BR from younger dextrally transpressive 
structures in the WP. The Alleghanian Caskie fault truncates the transition zone and emplaces 
SMT lithologies against the BR and WP.  
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Introduction 
To most of us, the Earth’s surface is static. Humanity has so long relied on this assumption of 
permanence that the theory of plate tectonics was not fully accepted in the scientific community 
until the late 1960s. The theory of plate tectonics provides a mechanism for geologists to explain 
and reconstruct ancient supercontinents throughout Earth’s history. Supercontinents are single 
landmasses formed by the joining of all major lithospheric cratons (the blocks of crust that form 
the nucleus of a continent). One of these past supercontinents was Rodinia, an assemblage of 
Laurentia and the continental protoliths to Gondwana formed in the Mesoproterozoic (Li et al., 
2008). Laurentia is the name for the contemporary North American craton formed during the 
Paleoproterozoic (1.9 Ga) and Gondwana was a larger continent amalgamated in the Early 
Cambrian (530 Ma) from the modern cratons of Africa, Antarctica, Australia, and South America 
(Hoffman, 1988; Li et al., 2008). 
Later in the Neoproterozoic (700-570 Ma), Rodinia began to fragment and ultimately the 
Iapetus Ocean separated Laurentia and Gondwana. The Iapetus Ocean formed along an extensional 
front that was thousands of kilometers long, resulting in several reported incipient ages (Figure 1) 
(Li et al., 2008; Nance et al., 2010). Evidence of early (615 Ma) Iapetan rifting comes from U-Pb 
zircon ages obtained from baddeleyite in the Long Range dike system of Nova Scotia and 40Ar/39Ar 
geochronological analysis of pseudo-tachylites in the St. Lawrence rift system (Kamo et al., 1989; 
O’Brien and van der Pluijm, 2012). The Catoctin Formation, with ages ranging from 570-550 Ma, 
 7 
 
 
Figure 1 - Paleozoic reconstructions modeling the closure of the Iapetus Ocean, the opening of the Rheic 
Ocean, and the formation of Pangea. A-C is the Avalonia-Carolina terrane. Adapted from Nance et al. 
(2010). 
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is an areally extensive unit in the central Appalachians that erupted as continental flood basalts 
during the rifting of Rodinia (Aleinikoff et al., 1995; Johnson and Bailey, 2014; Mills, 2015). The 
Catoctin metabasalts flank both sides of the Blue Ridge anticlinorium (BRA) in central and 
northern Virginia. Well-foliated breccias are reported in Catoctin equivalent outliers east of the 
main metabasalt belt and suggest subaqueous extrusion and may reflect the initial opening of the 
Iapetus Ocean in the eastern extent of the Catoctin volcanic province during volcanism (Mills, 
2015). The Chilhowee Group, an Early Cambrian sequence of shallow marine deposits, overlies 
the Catoctin Formation in the western Blue Ridge. The Weverton and Harpers formations within 
the Chilhowee Group record evidence of the transgression from an active (rift) margin to a passive 
(drift) margin along the paleo-coastline of ancient Laurentia (Simpson and Eriksson, 1989) 
The Iapetus Ocean began to close in the early Ordovician (460 Ma) following the separation 
of several Neoproterozoic arc terranes from the continental margin of northern Gondwana. These 
arc terranes eventually collided with Laurentia during the Taconian orogeny in the late Ordovician 
(440 Ma) (Figure 2) (Nance et al., 2010). As the Iapetus shrank, Laurentia and Gondwana remained 
separated by the Rheic Ocean, which reached its greatest extent in the Silurian (430 Ma) and was 
closed by the Alleghanian orogeny in the Permian (290-250 Ma) (Figure 1) (Hatcher, 2001; Nance 
et al., 2010). The opening and closure of the Iapetus is a significant event in the geologic evolution 
of the Piedmont and Blue Ridge geologic provinces in Virginia. 
In central and northern Virginia, the Blue Ridge province is a basement-cored anticlinorium 
composed of Mesoproterozoic granitoid basement rock overlain by a cover sequence of 
Neoproterozoic to Early Cambrian rocks. The basement complex formed during the creation of 
Rodinia and the cover sequence was deposited during Rodinian break up through the rift-to-drift 
transgression of the Iapetus Ocean (Simpson and Eriksson, 1989). The cover sequence is well 
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recorded on the western limb of the Blue Ridge anticlinorium (BRA) but is poorly understood in 
the east where it forms an enigmatic contact with the Piedmont. The Piedmont province includes 
both Laurentian and peri-Gondwanan terranes (fragments of crustal material from one tectonic 
plate accreted to another one) (Figure 3) (Hibbard et al., 2017). The nature of the Blue Ridge-
Piedmont boundary, including its physiographic extent and kinematic evolution, has long been 
debated (Brown, 1953; Espenshade, 1954; Hibbard et al., 2003; Box, 2006; Spears et al., 2015). 
The Smith River Allochthon (SRA) of southern and central Virginia (Figure 4) is interpreted to be 
a regional scale thrust sheet with either peri-Gondwanan or distal Laurentian affinity that further 
complicates the history of the both provinces (Hibbard et al., 2003). The SRA is mapped adjacent 
to the eastern limb of the Blue Ridge anticlinorium in the 1993 Virginia state geologic map, but 
its relationship to the surrounding Piedmont is unclear.  
In this study, I investigate the stratigraphies of the Blue Ridge cover sequence on the eastern 
limb of the Blue Ridge anticlinorium and western Piedmont lithologies. Additionally, I examine 
the structural history and kinematic characteristics of the Blue Ridge-Piedmont boundary to 
qualify its geologic history. Finally, I seek to understand the northern extent of the Smith River 
Allochthon and its relationship to surrounding terranes in order to interpret the geologic evolution 
of the western Piedmont and eastern Blue Ridge. This study answers these questions by creating a 
geologic map of the Gladstone 7.5’ quadrangle in central Virginia (Figures 3 and 6). This region 
of Virginia has not been mapped in detail since the mid-20th century; and its proximity to the Blue 
Ridge-Piedmont boundary, as well as to the proposed northern extension of the Smith River 
Allochthon, make it an ideal study area. 
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Figure 2 - Cross sectional diagram of a possible model for the late Ordovician Laurentia-Gondwana 
collision. Adapted from Hibbard, et al. (2017). 
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Figure 3  -  Terrane m
ap of the V
irginia Piedm
ont and Blue Ridge. Explanation identifies Laurentian and exotic or suspect 
terranes in the Piedm
ont. This report's study area, the G
ladstone 7.5 -m
inute quadrangle, is outlined. 
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Figure 4 - Geology of the Smith River Allochthon and surrounding regions in northern North Carolina 
through to central Virginia. BRA: Blue Ridge Anticlinorium. SMW: Sauratown Mountains window. 
Adapted from Hibbard et al. (2003). 
 
 
Geologic Setting & Background 
The Blue Ridge and Piedmont geologic provinces of Virginia record stages of the Appalachian 
Orogen (Figure 5). The Piedmont province is composed of distinct terranes of varying continental 
affinity, many of which are bounded by high-strain zones. The central Virginia Piedmont contains 
the Spotsylvania zone which separates the peri-Gondwanan Chopawamsic terrane and Laurentian 
terranes of the west from eastern peri-Gondwanan terranes (Bailey et al., 2004) (Figure 3). These 
rock packages share a complicated history and structural relationship (Burton et al., 2015). The  
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Figure 5 - Timeline of geologic events along the Laurentian margin. TS - Taconian, AC - Acadian, NA - 
Neoacadian, AL - Alleghenian. 
Neoproterozoic and Paleozoic rocks of the western Piedmont occur from Reston in the north to 
Galax and Emporia in the south (Hibbard et al., 2017) (Figure 3). These rocks are interpreted as 
native Laurentian terranes, terranes of suspect or unknown origin, and are bounded in the west by 
Iapetan rift facies (Hibbard et al., 2006).  
The Smith River Allochthon (SRA), first recognized in the 1970s by Conley and Henika 
(1973), extends approximately 300 km from northern North Carolina into central Virginia with a 
thickness of 1-2 km (Figure 4) (Conley, 1985; Box, 2006). The SRA stratigraphy includes the 
Bassett Formation, the overlying Fork Mountain Formation, rocks of the plutonic Rich Acres 
norite and Leatherwood granite, and the Oakville metavolcanic suite at its northern extent. Conley 
and Henika (1973) describe the Bassett Formation as a leucocratic biotite paragneiss overlain by 
amphibolite; the Fork Mountain Formation as a series of aluminous schists; and the Leatherwood 
Granite Rich Acres Formation, and Oakville metavolcanics as a complex of intrusive igneous 
rocks. Their research also indicates retrograde metamorphism in the Fork Mountain Formation 
from staurolite and sillimanite to sericite (Figure 6). 
Two important rock packages in the stratigraphy of the eastern limb of the Blue Ridge 
anticlinorium are the Lynchburg Group and Evington Group, which lie below and above the 
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Catoctin Formation, respectively. The Lynchburg Group is interpreted as a rift-related sequence 
that originated along the margin of Laurentia during the opening of the Iapetus in the 
Neoproterozoic and is correlated by some to the Swift Run Formation of the western limb of the 
BRA (Wehr, 1985). Other workers (Bailey, 2014) suggest the Lynchburg Group’s lack of distinct 
Swift Run lithologies and aggregate thickness is evidence that the Lynchburg Group fills a pre-
Iapetan aulacogen, an important contribution to the understanding of Laurentian pre-Iapetan 
crustal thinning. The age of Lynchburg Group deposition is difficult to obtain, but detrital zircon 
data provide maximum ages of 725 to 700 Ma and the overlying Catoctin Formation a minimum 
of 570-550 Ma (Aleinikoff et al., 1995; Bailey, 2014).  
The Evington Group is a package of low-grade units including the Candler Formation, Joshua 
Schist, Archer Marble, Pelier Schist, Mount Athos Formation, and Slippery Creek Greenstone 
(Brown, 1953). The contact relationship between Lynchburg Group, Catoctin Formation, and 
Evington Group is debated, but several researchers have interpreted the Evington Group as 
stratigraphically above the Catoctin Formation (Brown, 1953; Espenshade, 1954). Brown (1953) 
and Espenshade (1954) interpret the Candler Formation stratigraphically above both the 
Lynchburg Group and Catoctin Formation, arguing for a stratigraphy supporting the former as 
younger than the latter two. This stratigraphic relationship would indicate that the rocks of the 
Evington Group were deposited in the Early Cambrian and are interpreted by some workers (Carter 
et al., 2006) to be a distal Laurentian cover sequence on the eastern limb of the BRA. The 
depositional history and geologic evolution of the Evington Group is far less understood than the 
well-documented Chilhowee Group. Evans and Milici (1994) summarize the complicated history 
of the Blue Ridge-Piedmont’s stratigraphic nomenclature. The 1993 Virginia state geologic map 
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omits the Evington Group from the stratigraphy of the eastern Blue Ridge and considers only the 
Candler Formation to be a valid geologic unit (Rader and Evans, 1993) 
Espenshade (1954) described the Evington Group as occupying a long, narrow, relatively tight, 
synformal infold or keel. Espenshade and others believed this region to be a large synclinorium 
(Patterson, 1989). Later work by Patterson (1989) shows the proximal and distal facies sequences 
of the Evington Group are contained in packages of overthrust nappes stacked on steeply east 
dipping faults. Since the early 1990s, the Lynchburg Group is interpreted as stratigraphically 
below, but, due to uplift along the Bowen’s Creek fault, structurally above the Candler Formation 
of the Evington Group (Conley, 1985; Henika, 1992). The Bowens Creek fault is interpreted as 
the boundary between the eastern Blue Ridge and the western Piedmont, but its role as a major 
bounding fault is disputed (Patterson, 1989; VDMR, 1993). Henika (1998) described evidence of 
dextral strike-slip and oblique thrusting along the fault.  
Dextral transpression is important in contextualizing the geologic evolution of the western 
Piedmont with other Piedmont terranes of similar tectonic heritage (Bailey et al., 2004). Recent 
work in the Howardsville 7.5-minute quadrangle observed a broad 3-to-5 kilometers-wide 
transition zone of dextral transpression between the Blue Ridge and Piedmont (Spears et al., 2015; 
Donohue et al., 2017).  
The Smith River allochthon is a proposed regional scale thrust sheet emplaced overtop eastern 
Blue Ridge cover sequence. The SRA was first identified in southern Virginia, and regional-scale 
maps extend the SRA northeast into the central Virginia Piedmont along the boundary between 
the Blue Ridge and western Piedmont (Figure 4). The SRA possibly represents a peri-Gondwanan 
terrane emplaced on Laurentia at a critical junction point between the Blue Ridge and the enigmatic 
Piedmont zone to the east, although there are several conflicting hypotheses on its provenance 
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(Figure 6) (Hibbard et al., 2003; Carter et al., 2012). Some researchers like Hibbard and Samson 
(1995) and Hibbard et al. (2003) propose the SRA has a Gondwanan affinity. Hibbard et al. (2003) 
obtained Th-U-Pb monazite ages consistent with an Early Cambrian tectonothermal event. This 
geochronological signature suggests the SRA is peri-Gondwanan, as Laurentia had shifted from a 
rift to drift environment by this time in the opening of the Iapetus and its margins were not being 
deformed or metamorphosed. Box (2006), in examinations of samples from the allochthon in 
Virginia, points to differences in biotite and muscovite content, structural and metamorphic 
histories, and different intrusive formations from the Lynchburg Group as indicators that the SRA 
is not distal Laurentian facies. 
Carter et al. (2012) construct pressure-temperature-time paths for the SRA and the Lynchburg 
Group to contrast their tectonothermal evolution. They find that the SRA exhibits a peak 
assemblage of garnet+sillimanite+staurolite+biotite overprinted by sericite+chloritoid near the 
Ridgeway fault (Figure 7). Their investigations into 40Ar/39Ar ages from muscovite in the SRA 
reveal cooling ages of 345-350 Ma but are poorly constrained. This is compared to a single 
probability distribution peak of 337 Ma in the Lynchburg Group, leading to an interpretation that 
the SRA has a Taconian metamorphic history and was locally remetamorphosed 335 Ma along 
with the Lynchburg Group during the emplacement of the SRA. This timing is similar to early 
Alleghanian or Neoacadian thrusting in the southern Appalachians. 
Other researchers posit that the SRA is distal Laurentian (e.g. Carter et al., 2006; Bailey et al., 
2017). Carter et al. (2006) report a large population of 1 Ga ages from detrital zircons. These data 
suggest a Laurentian provenance due to a large population of zircons that crystallized during the 
Grenville orogeny. Patterson (1989) questions the validity of the SRA and proposes that the 
Evington Group experienced recumbent folding and nappe thrusting to place distal facies over 
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proximal facies during the Taconian orogeny. She compares the rocks of Brown’s (1953) Evington 
Group to rock sequences with similar tectonostratigraphic histories. Work by Gates (1986) and 
literature reviews by Evans and Milici (1994) correlate the Bassett and Fork Mountain formations 
of the SRA with Catoctin Formation and Evington Group, respectively. The lithofacies similarities 
between SRA associated formations and BRA cover sequence requires a reevaluation of the 
structure and stratigraphy of the SRA in central Virginia. 
 
Figure 6- Schematic stratigraphy and structural relationship between the Eastern Blue Ridge, SRA, and 
Western Piedmont terrane in central Virginia. Yg- basement complex, Zl, Zab- Lynchburg Group, Zc- 
Catoctin Formation Ce- Evington Group, Cfm- Fork Mountain Formation, Cvs- felsic and mafic 
metavolcanics SOm- Silurian/Ordovician mafic rocks, Zab- Alligator Back Formation. From Bailey 
(2018). 
 
  
Figure 7 – Photomicrograph of 
mylonitic mica schist just southeast of 
the Ridgeway fault from the Snow 
Creek 7.5-minute quadrangle where the 
Ridgeway fault and Smith River 
allochthon were first identified by 
Conley and Henika (1973). 
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Methods 
I conduct fieldwork by making transects through a study area in and around the Gladstone 7.5’ 
quadrangle using a Global Position System (GPS) for navigation and recording the location of 
outcrops. These transects target areas identified as Blue Ridge cover sequence, Bowens Creek 
Fault, and Smith River allochthon by VDMR (1993). Fieldwork data is used to create a 1:24,000 
map of the bedrock geology in the Gladstone quadrangle. 
I record structure data (measurements of rock orientation and properties), identify 
mineralogy, and collect samples. At each outcrop I use a Brunton compass to make structure 
measurements and describe the fabrics, texture, and mineralogy. Low strength hydrochloric acid 
is used to recognize calcium carbonate. Rock samples are collected in the field and given an 
identification number for later examination. 
Based on field observations and laboratory analyses, I make a map and cross-section of the 
area. Using stereonets (stereographic projections used to plot three-dimensional data on a two-
dimensional plane) I discern patterns in the deformation history of each rock unit. I use a tile saw 
to expose fresh rock surface and create polished slabs. 30 micron-thick thin section chips were 
prepared by a third-party vendor. Thin sections are examined using a petrographic microscope 
equipped with a Nikon thin section scanner and a Cannon DSLR T6i camera.  
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Results 
Overview 
 Previous interpretations by Patterson (1989) and VDMR (1993) are inaccurate depictions 
of central Virginia regional geology. Fieldwork indicates the study area is defined by a series of 
repeating lithologies in the west and a sequence of phyllites and schists in the east. This reflects 
previous interpretations by Brown (1953) and Espenshade (1954), who refer to the repeating 
lithologies in the west as the Evington Group (EBR), and Spears et al. (2015), who map the 
Buckmarlson transition zone (BMTZ) and Western Piedmont terrane (WP) in the east. The 
Evington Group and Western Piedmont terrane nomenclature are used here. This study also 
identifies the Spears Mountain terrane (SMT), a successor to the Smith River allochthon of Conley 
and Henika (1973), as the final regional unit in the Gladstone 7.5-minite quadrangle. 
Results inform a comprehensive stratigraphic profile and geologic map of the Evington 
Group, Western Piedmont terrane, and Spears Mountain terrane. Petrographic analyses 
characterize differing peak metamorphic conditions of the EBR, WP, and SMT. Geochronological 
data from this study, as well as prior work by Jenkins et al. (2012), Burton et al. (2015), Carter et 
al. (2012) and Sasina (2020), also support a three-terrane delineation. This model is further 
supported by stereogram analyses and grain size comparisons.  
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Stratigraphy of the eastern Blue Ridge cover sequence to western Piedmont terranes 
Within the Gladstone study area are six distinct bedrock packages (Figure 8). In the 
northwest is the upper end of the Lynchburg Group. The Lynchburg Group lies stratigraphically 
and structurally below the metabasalts and metagabbros of the Ediacaran Catoctin Formation. This 
study found no evidence for an unconformity between these northeast-southwest striking, 
southeast dipping units. 
To the southeast is a repeating stratigraphy of low-grade metamorphic units including 
Catoctin-outlier quartzose-phyllite (Figure 17), meta-carbonate, quartzite, chlorite-schist, and 
greenstone (Figure 18). This package closely resembles the Evington Group of Brown (1953) and 
Espenshade (1954). The Evington Group conformably overlies the Catoctin Formation; however, 
these distal parts of Paleozoic Laurentian continental margin share an enigmatic contact with 
additional rock packages further to the east (Patterson, 1989).  
Further to the southeast is the Spears Mountain terrane (SMT), a package of polydeformed 
chloritoid- and garnetiferous-schists (Figures 12-13 and 22-24) along with variable mafic igneous 
units (Figure 14 and 25) and an isolated block of Blue Ridge basement complex thus referred to 
as the Bent Creek Inlier (BCI) (Figure 26). The BCI is a granitic gneiss and mylonite package 
flanked on all sides by the Spears Mountain terrane in a fault duplex (Figure 9). The SMT is a 
higher-grade, regional equivalent of the Potomac (Hibbard et al., 2017) and Hardware (Evans, 
1984) terranes, or, more generally, the Western Piedmont terrane (Bailey, 2018), which crops out 
in the northeast portion of the study area. The Western Piedmont contains quartzose (Figures 19-
20) and graphitic (Figure 21) phyllites and metagraywacke (Figure 15). Fieldwork and lab analyses 
inform an updated stratigraphy of the Evington Group and its relationship to the Lynchburg and 
Catoctin Formations, Spears Mountain terrane, Bent Creek Inlier, and Western Piedmont terrane. 
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Figure 8 - Stratigraphy of Eastern Blue Ridge cover sequence Lynchburg Group, Catoctin Formation, 
Evington Group and Spears Mountain terrane. 
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Figure 9 – TOP: Regional geologic map with explanation of Bent Creek Inlier of Blue Ridge basement 
complex (Ygn), Spears Mountain terrane units (smgs and smqs), Evington Group lithologies (ep and ec), 
and later features (Jd, Qt, Qa) on LiDAR based DEM. BOTTOM: Block diagram of Evington Group, 
Bent Creek Inlier, and Spears Mountain terrane with later features. View is oblique to the SE. 
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Figure 10– G
eneralized geologic terrane m
ap of the G
ladstone 7.5’-quadrangle in central V
irginia. Bent Creek Inlier (BCI) is 
fault bounded w
ithin the Spears M
ountain terrane (SM
T). SM
T is in fault contact w
ith the Eastern Blue Ridge cover 
sequence (EBR) and W
estern Piedm
ont terrane (W
P) along the Caskie Fault (CF). The BuckM
arlSon transition zone 
(BM
TZ) is a dextrally transpressive shear zone that is truncated by the CF fault and separates the W
P from
 the EBR. 
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Figure 11 - Schem
atic stratigraphy and structural relationship betw
een the eastern B
lue R
idge/Evington G
roup, W
estern Piedm
ont 
Terrane, Spears M
tn. terrane in central V
irginia. 
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Figure 12 - Outcrop image of polydeformed Spears Mountain terrane mica schist. 
 
Figure 13 – 19GG6. Oriented outcrop image of Spears Mountain terrane mica schist with fold geometry. 
Mechanical pencil for scale. 
  
NW SE 
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Figure 14 – 19AS18. Outcrop image of Spears Mountain mafic metavolcaniclastic unit.  
 
Figure 15 - Outcrop image of Western Piedmont terrane metagraywacke. 
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Field Samples 
 
Figure 16 - Generalized terrane map of the Gladstone 7.5-minute quadrangle with sample locations. 
EBR: Eastern Blue Ridge cover sequence Evington Group; WP: Western Piedmont terrane; SMT: Spears 
Mountain Terrane; BCI: Bent Creek Inlier of Blue Ridge basement comp complex; BMTZ: BuckMarlSon 
transition zone; CF: Caskie Fault. 
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Petrographic Analyses 
 
19EL22 
 
19EL22 was collected from the northwest corner of the quadrangle east of Greenfield Drive along 
Buffalo Ridge (Figure 16). 19EL22 is an Evington Group quartzose phyllite light grey in hand 
sample (Figure 17A). Fabric is dominated by white mica (60%) and quartz (30%) with smaller 
percentages of chlorite (5%) and opaque minerals (5%) (Figure 17B). 19EL22 displays a primary 
foliation visible in hand sample and microlithons preserve a previous deformation fabric (Figure 
17C). 
 
 
Figure 17 - 17A: Polished slab of Evington Group phyllite (19EL22) with dominant foliation; 17B: full 
PPL thin section scan of 19EL22. 17C: annotated PPL image of thin section showing different mineral 
concentrations and microlithons.  
C B 
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14CM106 
14CM106 was collected during a study by Mills (2015) greenstones from an outcrop of greenstone 
in the James River (Figure 16). 14CM106 is an Evington Group greenstone with a mineralogy 
dominated by white mica (40%), biotite (30%), iron oxides (20%), chlorite (5%), and epidote (5%). 
Biotite porphyroblasts form a lineation oriented 198° 35° oblique to foliation with a proposed 
prolate elongation attitude, suggesting pure shear oblique to the plane of deformation (Figure 18A) 
(Mills, 2015). Sample is significant for its biotite porphyroblasts, indicating this greenstone and 
other units of the Evington Group reached mid-greenschist facies (450°C) during peak 
metamorphic conditions (Figure 18B). 
 
Figure 18 - 18A: annotated oriented full PPL thin section scan of Evington Group greenstone (14CM106) 
with lineation traced in dashed lines; 18B: annotated PPL thin section scan of 14CM106 with biotite 
porphyroblasts and retrograde chlorite. Matrix is dominated by white mica and chlorite. 
A 
B 
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19RW17 
 
19RW17 was collected from the northeast corner of the quadrangle along a tributary of Alabama 
Creek (Figure 16). 19RW17 is a Western Piedmont terrane quartzose phyllite light-to-medium 
grey in hand sample. Fabric is dominated by quartz (50%) and muscovite (40%) with smaller 
percentages of chlorite (5%) and magnetite (5%). Magnetite porphyroblasts visible in hand sample 
(Figure 19A) and thin section (Figure 10B). In hand sample, some of these porphyroblasts are 
surrounded by a light corona of quartz. Sample is deformed (Figure 19C) and preserves a top-to-
the-southwest sense of shear (Figure 19A and 19C).  
 
Figure 19 - 19A: Polished slab of Western Piedmont quartzose micaceous phyllite (19RW17) with 
dominant foliation, sheared quartz band, and magnetite porphyroblasts with light surrounding corona, thin 
section extent outlined; 19B: annotated full PPL thin section scan of 19RW17 with sheared quartz band, 
magnetite porphyroblasts, and overall matrix; 19C: XPL thin section image of ductile-deformed matrix of 
muscovite and quartz. 
C B 
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19GG8 
 
19GG8 was collected from the north eastern margin of the study area (Figure 16). 19GG8 is a 
Western Piedmont terrane micaceous-quartzose phyllite grey-to-green in hand sample. Main fabric 
dominated by white mica (70%) and quartz (25%) with smaller percentages of chloritoid (5%) 
(Figure 20A and 20B). 19GG8 displays a dominant foliation in full thin section and microlithons 
preserve a previous deformation event (Figure 20A and 20C). Chloritoid porphyroblasts indicate 
the Western Piedmont terrane reached low-greenschist facies (350°C) during peak metamorphic 
conditions. 
.  
Figure 20 – 20A: Full PPL thin section scan of Western Piedmont quartzose-micaceous phyllite 
(19GG8); 20B: annotated XPL thin section image with chloritoid porphyroblasts; 20C: crenulation 
cleavage (S2) traced in dashed red lines. S1 preserved in microlithons of S2. 
B 
C A 
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19RW5 
 
19RW5 was collected from the northeastern part of the study area (Figure 16). 19RW5 is a Western 
Piedmont terrane graphitic-quartzose-micaceous phyllite grey-to-dark-grey in hand sample 
(Figure 21A). Fabric dominated by white mica (60%), graphite (30%), and quartz (25%) with other 
contributions from pyrite and iron oxides (5%). Pyrite crystals visible in hand sample and thin 
section. 19RW5 preserves original bedding planes (SO) as well as later metamorphic and 
crenulation fabrics (S1, S2) (Figure 21B). Bedding accentuated by compositional differences 
originating from variable organic ratios in mud during deposition.  
 
Figure 21 – 21A: Polished slab of Western Piedmont graphitic phyllite (19RW5) with penny for scale, 
thin section extent outlined; 21B: annotated full PPL thin section scan of 19RW5 with bedding planes 
(SO) accentuated by compositional differences and outlines in pink. 
B 
A 
 33 
19AS28 
 
19AS28 was collected in the eastern part of the quadrangle along David Creek (Figure 16). 19AS28 
is a Spears Mountain terrane garnetiferous schist grey-to-dark-grey in hand sample (Figure 22A). 
Fabric dominated by mica (60%) and quartz (40%) with smaller percentages of chlorite (7%) and 
garnet (3%). Garnet porphyroblasts are visible in thin section and do not form along foliation 
(Figure 22C). Sheared quartz band preserves a top-to-the-southeast sense of shear in both hand 
sample and thin section (Figure 22B).  
 
Figure 22 - 22A: Polished slab of Spears Mountain terrane garnetiferous schist (19AS28) with dominant 
foliation and sheared quartz band, thin section extent outlined; 22B: annotated full PPL thin section scan 
of 19AS28 with garnet porphyroblasts, sheared quartz band, and micaceous matrix; 22C: annotated PPL 
thin section showing garnet and chlorite porphyroblasts.  
C B 
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19AS5 
 
19AS5 was collected in the southeastern corner of the study area (Figure 16). 19AS5 is a Spears 
Mountain terrane garnetiferous schist grey-to-light-grey in hand sample (Figure 23A). Fabric is 
dominated by mica (70%) and quartz (20%) with other chlorite (5%), biotite (2%), chloritoid (2%), 
and garnet (1%) (Figure 23B and 23C). Garnet porphyroblasts do not form along foliation (Figure 
23C). Sheared biotite/chlorite band preserves a top-to-the-southeast sense of shear (Figure 23B). 
 
Figure 23 – 23A: Polished slab of Spears Mountain terrane garnetiferous schist (19AS5) with dominant 
foliation, magnetite porphyroblasts, and macro-scale alternating bands of dominant mineralogy, thin 
section extent outlined; 23B: annotated full PPL thin section scan of 19AS5 showing alternating bands of 
quartz, biotite (bt), and white mica along with grains of chlorite (chl); 23C: annotated PPL image of thin 
section with garnet porphyroblasts and retrograde chlorite along outer margin of garnets. 
  
C B 
chl 
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19SB35 
 
19SB35 was collected near the top of Spears Mountain (Figure 16). 19SB35 is a Spears Mountain 
terrane muscovite-chloritoid schist grey-to-green in hand sample (24A). Fabric is dominated by 
muscovite (70%) and quartz (15%) with large porphyroblasts of chloritoid visible in both hand 
sample (Figure 15A) and thin section (Figure 24B). 
 
Figure 24 – 24A: Oriented polished slab of Spears Mountain terrane chloritoid schist (19SB35) with 
large chloritoid porphyroblasts, thin section extent outlined; 24B: annotated full PPL thin section scan of 
19SB35 with chloritoid porphyroblasts and micaceous matrix. 
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19AS33 
 
19AS33 was collected from the southeast corner of the study area (Figure 16). 19AS33 is a Spears 
Mountain terrane amphibolite dark green-to-black in hand sample (Figure 25A). Matrix dominated 
by amphibole (60%), actinolite (15%), and plagioclase (15%) (Figure 25B). 19AS33 is a mafic 
igneous sample from the southeastern part of the Gladstone quadrangle. It largely resembles other 
mafic rocks from the eastern bank of the James River like 19EH4. 19AS33 indicates that the Spears 
Mountain terrane reached low amphibolite facies (500-510ºC) under peak metamorphic 
conditions. 
 
Figure 25 – 25A: Polished slab of Spears Mountain terrane amphibolite (19AS33) with thin 
section extent outlined; 25B: full PPL thin section scan of 19AS33 with dominant mafic 
mineralogy. 
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19SB18 
 
19SB18 was collected near the confluence of Bent Creek and the James River (Figure 16). Sample 
is a Bent Creek Inlier feldspathic gneiss tan-to-pink in hand sample (Figure 26A). Fabric is 
dominated by recrystallized potassium feldspar (70%) and quartz (25%) with other contributions 
from oxides (3%) and muscovite (2%) (Figure 26B). 19SB35 is an example of Blue Ridge 
basement complex and preserves a top-to-the-northwest sense of shear. 
 
Figure 26 - 26A: Oriented polished slab of Bent Creek inlier Blue Ride basement complex 
(19SB18), thin section extent outlined; 26B: annotated full PPL thin section scan of 19SB18 
with asymmetric quartz grain highlighted. 
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Grain Size Analysis 
The contact between EBR and WP phyllites in the northeast part of the Gladstone 
quadrangle is poorly understood. In lieu of geochronological analyses, axes length of muscovite 
grains in the microlithons of Evington Group (19EL22) and Western Piedmont (19RW17) 
phyllites provide a statistically significant means of differentiation. These results indicate the 
muscovite grains in the Western Piedmont terrane are more elongate than those of the eastern Blue 
Ridge (Figure 27).  
 
Figure 27 - Comparison of mean long axis length of muscovite grains in microlithons of phyllites from 
the Evington Group eastern Blue Ridge cover sequence (19EL22) and the Hardware subset terrane of the 
Western Piedmont terrane (19RW17).  26 grains were measured in each of the two samples analyzed.  
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Metamorphic Facies 
The meta-pelites of the Evington Group are dominated by quartz and mica matrices that do 
not preserve metamorphic index porphyroblasts beyond chlorite (Figure 17). Evington Group 
greenstones contain biotite porphyroblasts, indicating the terrane reached mid-greenschist facies 
(450ºC) under peak metamorphic conditions (Figure 18).  Western Piedmont terrane phyllites 
preserve chloritoid porphyroblasts that suggest the terrane only reached low-greenschist facies 
(350ºC) under peak metamorphic conditions (Figure 20). The Spears Mountain terrane, first 
identified by this study, contains garnetiferous schists indicating low-amphibolite facies (520-550 
ºC) under peak metamorphic conditions (Figure 22 and 23). Results indicate the three in contact 
terranes experienced unique metamorphic temperature and pressure conditions (Figure 28). 
 
Figure 28 – Metamorphic facies and peak temperature map of the Gladstone 7.5-minute quadrangle from 
petrographic analyses. Western Evington Group of the Blue Ridge anticlinorium reached mid-greenschist 
facies at a peak temperature of 450ºC. Northeastern Western Piedmont terrane reached low-greenschist 
facies at 350ºC. The southeastern Smith Mountain terrane reached low-amphibolite facies at 520-550ºC. 
White space is Bent Creek Inlier of Blue Ridge basement complex.   
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Fold Geometries 
Structural field data is analyzed using both p- and b-diagrams. Stereogram analyses reveal 
significant differences between the Blue Ridge Evington Group and Piedmont Spears Mountain 
and Western Piedmont terranes. Each of the three terranes display mesoscale folds that mirror 
macroscale patterns (Figure 13 and 29). Although each terrane preserves multiple deformation 
events, only the main foliation fabric, that which is most apparent in the field, is considered in 
stereogram analysis. The poles to foliation in the Evington Group display a girdled distribution, 
implying steep, SE dipping fabrics with short, asymmetric NW dipping limbs. The average fold 
axis trends 036˚ and plunges 06˚; while the fold axial plane strikes NE-SW (216˚) and dips steeply 
(83˚) to the NW (Figure 30 and 33). The tight folds of the Evington Group are nearly vertical 
(Figure 34).  
 The Spears Mountain terrane displays a more concentrated distribution of poles to foliation, 
indicating both limbs dip gently to the SE (Figure 31). The average fold axis trends 047˚ and 
plunges 11˚; while the fold axial plane strikes NE-SW (033˚) and dips gently to the SE (40˚) 
(Figure 33). This suggests the isoclinal folds of the Spears Mountain terrane are horizontally 
inclined. Similarly, the Western Piedmont terrane displays a concentrated distribution of poles to 
foliation. The average fold axis for the WP trends and plunges 031˚12˚; while the fold axial plane 
strikes NE-SW (017˚) and dips gently to the SE (41˚) (Figure 32 and 33). Like the SMT, the tight-
to-isoclinal folds of WP are horizontally inclined.  
Although the Evington Group, Spears Mountain terrane, and Western Piedmont terrane 
have similar fold axes orientations, their fold geometries are unique (Figure 34). These fold 
patterns are broadly seen in cross sectional view of the study area (Figure 9). 
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Figure 29 - Folded and faulted slab of Spears M
ountain terrane m
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Figure 30 – Contoured (2s intervals) p-diagram of poles to foliation in Evington Group. Poles display a 
girdled distribution. 1 and 2 fall along cylindrical best fit plane. Yellow star marks trend and plunge of 
fold axis: 036˚ 06˚. n = 89. 
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Figure 31 - Contoured (2s intervals) p-diagram of poles to foliation in Spears Mountain terrane. Poles 
display a concentrated distribution. 1 and 2 fall along cylindrical best fit plane. Yellow star marks trend 
and plunge of fold axis: 047˚ 11˚. n = 75. 
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Figure 32 - Contoured (2s intervals) p-diagram of poles to foliation in Western Piedmont terrane. Poles 
display a girdled distribution. 1 and 2 fall along cylindrical best fit plane. Yellow star marks trend and 
plunge of fold axis: 031˚ 12˚. n = 59. 
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Figure 33 - b-diagram of fold axial plane and fold axes orientations for Evington Group (EG), Spears 
Mountain terrane (SMT), and Western Piedmont terrane (WP). EG: 217˚ 83˚W, SMT: 033˚ 40˚SE, WP: 
031˚ 12˚SE. 
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Figure 34 - Top: Block diagram of Blue Ridge associated Evington Group fold geometry and fold axis 
plane orientation. Folds are tight and upright; Bottom: Piedmont associated Spears Mountain terrane and 
Western Piedmont terrane fold geometry and fold axis plane orientation. Isoclinal folds verge to the 
northwest and are horizontally inclined.  
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Evidence for Dextral Transpression 
 
Asymmetrical structures in Evington Group lithologies preserve evidence of dextral deformation 
(Figure 35). Elongation lineation measurements within the BuckMarlSon transition zone of Spears 
et al. (2015) are plotted on a b-diagram (Figure 36A). Lineations in the field are best preserved in 
the marbles, quartzites, and greenstones of the Evington Group (Figure 36B and 36C). Stereogram 
analyses reveal elongation lineations are strike parallel and obliquely sheared. This pattern is 
independent from foliation orientation. Maximum elongation direction is strike parallel, indicating 
transpressional deformation.  
 
Figure 35 – Asymmetric boudin in Evington Group marble with dextral deformation. 
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Figure 36 – 36A
: b-diagram
 of elongation lineations and relative foliation planes from
 the B
uckM
arlSon transition 
zone, n = 10; 36B
: outcrop of Evington G
roup greenstone in the Jam
es R
iver, view
 is to the w
est; 36C
: annotated 
outcrop im
age show
ing elongation lineation direction, a fracture, three tired geologists and one incredibly patient 
river pirate.  
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Discussion 
 
Structure of the Blue Ridge-Piedmont Boundary and BuckMarlSon Transition Zone 
Previous work by Patterson (1989) indicates that the Evington Group records progressive 
stages of deformation in the central and southern Appalachian Orogen in Virginia. Repetition of 
Evington Group units is either structurally derived or signifies repeated instances of depositional 
conditions along the Laurentian margin. Prior authors posit that repetition originates from high-
angle reverse faults that developed during the Taconian orogeny (Wehr and Glover, 1985; 
Patterson, 1989). Data from this study do not support this hypothesis, but rather identify repetition 
by high-angle folding. Further repetition is created by dextrally transpressive faults first observed 
to the northeast by Bailey et al. (2004) and Spears et al. (2015) along the eastern margin of the 
Blue Ridge cover sequence. 
The Blue Ridge-Piedmont boundary zone in the central Appalachians records an extended 
history of mountain building in both provinces. The Neoacadian BuckMarlSon transition zone 
(BTZ) is a 3-5 km thick dextrally transpressive shear zone between the eastern Blue Ridge and 
western Piedmont first observed in the Howardsville 7.5’ quadrangle to the northeast of Gladstone 
(Figure 30) (Spears et al., 2015). The BTZ differs from previous interpretations of the Blue Ridge-
Piedmont boundary in Virginia. Studies by Conley and Henika (1973) and Pavlides (1993) propose 
a thin, easily traced fault or series of faults as separating the two provinces, including the Bowens 
Creek fault and Mountain Run fault, respectively. Results and field observations from this study 
indicate an increase in metamorphic grade from the Western Piedmont terrane to Evington Group 
across a wide Blue Ridge-Piedmont boundary (Figure 28). These findings support previous 
interpretations of the BTZ by Spears et al. (2015) and Mills (2015). (Figure 37).  
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As the BTZ continues southwest, it is truncated by the newly identified Caskie fault (Figure 
28). This northeast-southwest striking thrust fault emplaces Spears Mountain terrane, within which 
the BCI is fault bounded, against Blue Ridge and western Piedmont terranes. The BCI represents 
the easternmost outcrop of Blue Ridge basement along strike of the BRA and requires a significant, 
previously unrecognized thrust fault at the Blue Ridge-Piedmont boundary in central Virginia 
(Walter et al., 2020) (Figure 38).  
 
 
 
Figure 37 - Model of general tectonics in the BuckMarlSon transition zone with lineations occurring 
parallel to strike and a dextral shear sense from Mills (2015). 
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Figure 38 – Map of Grenville (Blue Ridge) basement exposure in Virginia from Sasina (2020). 
 
Deformation & Metamorphic Histories of Evington Group, Spears Mountain Terrane, Western 
Piedmont Terrane & Bent Creek Inlier 
The Evington Group shares a similar fold axis orientation with the Spears Mountain and 
Western Piedmont terranes, but a different fold axial plane orientation and metamorphic history 
(Figure 33). These folds and peak metamorphic conditions originated during deformation along 
the BuckMarlSon transition zone during the Neoacadian orogeny.  
Although the fold axial planes of the Spears Mountain terrane and Western Piedmont 
terrane are similar, their peak metamorphic and thermotectonic histories differ (Figure 28 and 33). 
Results from this study and previous work by Carter et al. (2012) imply the Spears Mountain 
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terrane and Western Piedmont terrane both experienced low-greenschist facies conditions during 
the Taconian orogeny (440-420 Ma). The fold geometries of both terranes likely originate from 
the Taconian. The Spears Mountain terrane later experienced significant deformation during the 
Alleghanian orogeny (320-300 Ma). This event overprinted the Taconian geochronological 
signature and subjected the Spears Mountain terrane to low-amphibolite facies conditions. Lack 
of Alleghanian ages in the Western Piedmont terrane suggest it was further away from the leading 
orogenic edge, implying the Spears Mountain terrane is a more distal and metamorphosed 
Laurentian facies than the Western Piedmont terrane. More geochronological data is needed to test 
this hypothesis.  
The phyllite package in the northeast of the study area, lovingly referred to as the “great 
sea of phyllite” by previous workers (Smith et al., 1964) and the Western Piedmont terrane by this 
study, is one of the two westernmost extensions of the central Appalachian Piedmont in the 
Gladstone quadrangle. The second, the Spears Mountain terrane, was emplaced against the 
Evington Group and Western Piedmont terrane by the Alleghanian Caskie fault. These 
Precambrian-to-Ordovician western Piedmont units constitute a clear stratigraphic break from the 
EBR at the Blue Ridge-Piedmont boundary (Figure 11). This interpretation conflicts with some 
previous works, summarized by Evans and Milici (1994), that propose an unbroken 
lithostratigraphic sequence upward from the Catoctin Formation of the Blue Ridge anticlinorium 
to the metagraywackes of the western Piedmont. 
The Bent Creek Inlier originally developed as a hyperextended block of basement that 
separated from the Laurentian craton during the opening of the Iapetus ocean. As Iapetan rifting 
continued, protolith sediments of the distal Laurentian Spears Mountain terrane were deposited 
onto stretched continental crust. This thin slab of basement inlier was exhumed by a fault duplex, 
 53 
possibly during the Taconian, within the SMT and later sutured to EBR during the Alleghanian 
orogeny along the Caskie fault (Figure 9 and 39). 
 
Geochronology  
Geochronological data suggest the EBR, WP, and SMT reached peak metamorphic 
conditions at different times. Jenkins et al. (2012) report Ar39/Ar40 cooling ages for white mica and 
biotite in EBR and WP samples collected north of the Gladstone quadrangle. Cooling ages for the 
EBR are Neoacadian and range from 380-320 Ma; while WP ages are Taconian and range from 
440-420 Ma (Figure 38) (Jenkins et al., 2012). These ages are consistent with other 
geochronological work by Burton et al. (2015). Mineral assemblages of EBR and WP samples 
(Figures 17-21) suggest these ages reflect peak metamorphic conditions for the EBR and WP.  
Ar39/Ar40 work by Carter et al. (2012) report that the Smith River allochthon has a Taconian 
(460-440 Ma) metamorphic history and was locally remetamorphosed 350-340 Ma. This study 
extrapolates those ages and assigns them to the Spears Mountain terrane. Recent work by Sasina 
(2020) on the SMT reports U-Pb zircon ages of 320-300 Ma. This indicates the SMT was 
significantly deformed and reached peak metamorphic conditions during the Alleghenian orogeny 
(Figure 40). 
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Figure 40 - Generalized terrane map model of peak metamorphic conditions age ranges and associated 
orogenies within the Gladstone 7.5-minute quadrangle. 
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Smith River Allochthon: Problems & Solutions 
Contrary to the 1993 Virginia state geologic map, the SMT is not the northern extent of 
Conley and Henika’s (1973) Smith River allochthon (VDMR, 1993). Although the SMT is a 
higher-grade variant of the Western Piedmont terrane, it did not reach the sillimanite-or staurolite-
grade pressure and temperature conditions of the SRA Fork Mountain Formation mica schists. 
There are discrepancies between this study’s interpretation of the western Piedmont and previous 
studies (VDMR, 1993; Hibbard et al., 2003 and 2017). If previous models persist, there are several 
revisions required to correct them. These revisions are summarized below. 
First, correlation of SRA lithofacies with eastern Blue Ridge cover sequence by previous 
authors (Gates, 1986) and the Spears Mountain terrane (this study) requires a reevaluation of SRA 
structure and stratigraphy. Second, terranes previously associated with the SRA (Spears Mountain 
and Western Piedmont) do not form a synformal sheet-like mass above EBR and Grenville 
basement as described by Hibbard et al. (2017), but rather blocks of distal Laurentian crust that 
were faulted against the EBR during the Neoacadian and Alleghanian orogenies. Third, although 
the SMT hosts mafic igneous complexes (MICs), we find no evidence for the Oakville 
metavolcanics referred to by Hibbard et al. (2017). These MICs are possibly members of the mafic 
block formations in the western Piedmont summarized by Carter et al. (2017). More research is 
needed to understand their relationship. 
Fourth, geochronological data conflict with suggestions by prior authors (Hibbard and 
Samson, 1995; Hibbard et al., 2003; Box, 2006) that the Smith River allochthon has a Gondwanan 
affinity. Hibbard et al. (2003) reported peak distributions of 532 Ma and 486 Ma from U-Th-Pb 
geochronological analyses of SRA monazites. U-Pb zircon SHRIMP dates of 575 +/- 4 Ma (ages 
reported by Hibbard et al. (2017) via personal communication with John Aleinikoff) from 
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supposed metavolcanics in the northern end of the SRA were linked by Hibbard et al. (2017) to 
previous monazite ages. U-Pb dating by Sasina (2020) of mafic volcanoclastic rocks along the 
leading edge of the SMT found no evidence of the thermotectonic event required to yield the ages 
reported by Hibbard et al. (2003). Instead, the U-Pb SHRIMP ages reported by Hibbard et al. 
(2017) likely represent detrital components of Rodinia break-up preserved in the SMT. These data, 
along with previous work by Carter et al. (2006 and 2012), suggest a Laurentian affinity for the 
SRA in central Virginia.  
Fifth, if the SMT is included within the SRA, the kinematics of the Bowens Creek bounding 
fault must be reconsidered to account for the presence of basement in the allochthon. Finally, U-
Pb geochronological data from Sasina (2020) suggest the Alleghanian orogeny had a much more 
significant role in the thermotectonic history of the eastern Laurentian margin than previously 
thought. The influence of this orogeny on the central Virginia Piedmont requires more research.  
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Appendix A – Outcrop station locations (UTM 17), structure measurements, and comments 
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